Proceedings of the 8th IEOM Bangladesh International Conference on Industrial Engineering and Operations
Management, Dhaka, Bangladesh, December 20-21, 2025

Proceedings of the International Conference on Industrial Engineering and Operations Management

Publisher: IEOM Society International, USA DOI: 10.46254/BA08.20250169
Published: December 20, 2025

Reducing Lead Time in Small-Scale Iron Assembly
Operations: A Case Study on Value Stream Mapping
with Statistical Validation

Sonjoy Sutradhar
Department of Industrial Engineering
BGMEA University of Fashion & Technology
Dhaka 1230, Bangladesh
222-026-615@buft.edu.bd

Bayzid Mahmud
Department of Industrial Engineering
BGMEA University of Fashion & Technology
Dhaka 1230, Bangladesh
bayzidmahmud206(@gmail.com

A HM Abdul Moudood
Department of Industrial Engineering
BGMEA University of Fashion & Technology
Dhaka 1230, Bangladesh
ahm.moudood@buft.edu.bd

Abstract

This study investigates the systematic application of Value Stream Mapping (VSM) to identify and eliminate
waste in a small-scale iron assembly line producing 17,700 units monthly. Despite adequate theoretical capacity
(takt time: 13.661 minutes vs. cycle time: 7.80 minutes), the operation experienced prolonged lead times and
workflow inefficiencies. Through comprehensive time studies of 21 production operations and detailed waste
analysis following Taiichi Ohno's classification, this research quantifies process bottlenecks, capacity
imbalances (ranging 64-370 units/hour), and non-value-added activities. The methodology employed direct
observation, time-motion studies, operator interviews, and statistical hypothesis testing to validate improvement
significance. Current state VSM revealed critical constraints including excessive motion waste (46% of assembly
operations), sub-assembly bottlenecks, and unbalanced line capacities creating 42.9% unused capacity. A future
state VSM incorporating Kanban pull systems, supermarket buffers, and 5S workplace organization was
developed and validated. Quantitative results demonstrate: lead time reduction from 8.1 to 5.1 days (37%,
p<0.05), assembly process time decreased from 5.6 to 5.0 minutes (10.7% improvement), and sub-assembly
process time reduced from 1.2 to 1.0 minutes (16.7% improvement). Statistical validation confirmed
improvement significance across all metrics. The study contributes actionable insights for resource-constrained
electronics manufacturers, demonstrating that systematic waste elimination yields greater returns than capacity
expansion. This research extends VSM literature by providing detailed bottleneck analysis methodology and
statistical validation frameworks applicable to small-scale assembly operations in emerging economy contexts.
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1. Introduction

1.1 Background and Context

The electronics manufacturing sector in emerging economies faces intensifying competitive pressures
demanding operational excellence without substantial capital investment. Small to medium enterprises (SMEs)
producing household electronics must optimize existing resources while maintaining quality and reducing lead
times. Traditional manufacturing approaches often generate excessive waste, prolonged cycle times, and
inefficient resource utilization—challenges particularly acute in resource-constrained environments where
capital for automation or capacity expansion is limited.

1.2 Problem Statement
This research examines a specific operational challenge at a medium-capacity iron assembly facility in
Bangladesh producing 17,700 units monthly. Preliminary investigation revealed several critical inefficiencies:
1. Extended lead times (8.1 days) despite theoretical capacity exceeding demand requirements.
2. Severe capacity imbalances across 21 production operations.
3. Visible waste in motion, waiting, and inventory domains.
4. Workflow disruptions from sub-assembly bottlenecks.
5. Disconnect between theoretical capacity and actual throughput.
Paradoxically, takt time analysis indicated production capability (13.661 minutes/unit) far exceeded actual cycle
time requirements (7.80 minutes/unit), suggesting 42.9% unused capacity.

1.3 Research Gap
While extensive literature documents VSM effectiveness in large-scale automotive and general manufacturing
contexts, significant gaps exist:
1. Limited application in small-scale electronics assembly operations characteristic of emerging economy
manufacturers.
2. Insufficient statistical validation of VSM improvements beyond simple before-after comparisons.
3. Lack of detailed bottleneck identification methodologies combining time study, capacity analysis, and
takt time comparison.

1.4 Research Objectives
This study addresses identified gaps through the following specific objectives:

Primary Objective:
Systematically apply VSM to identify, quantify, and eliminate waste in iron assembly operations, achieving
measurable lead time and process time reductions validated through statistical hypothesis testing.
Secondary Objectives:
1. Document comprehensive time study methodology applicable to small-scale assembly operations.
2. Develop bottleneck identification framework combining capacity analysis, cycle time measurement,
and takt time comparison.
3. Validate improvement significance through formal statistical testing.

1.5 Research Contribution
This study contributes to lean manufacturing literature and practice through:
1. Detailed VSM implementation framework with statistical validation for small-scale assembly
operations.
2. Quantified waste analysis in iron assembly context previously underrepresented in literature.
3. Actionable insights for resource-constrained manufacturers prioritizing lean tool implementation.
4. Validation of lean principles in emerging economy SME context with unique operational constraints.

1.6 Paper Structure

The remainder of this paper proceeds as follows: Section 2 reviews relevant literature and positions this study
within existing research; Section 3 details research methodology including data collection, analysis techniques,
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and validation approaches; Section 4 presents comprehensive results with statistical analysis; Section 5 discusses
findings, implications, and limitations; Section 6 concludes with key contributions and future research directions.

2. Literature Review

2.1 Introduction and Review Structure

This literature review synthesizes existing research on Value Stream Mapping applications, critically analyzes
methodological approaches, and identifies specific gaps this study addresses. The review is organized
thematically: (1) VSM fundamentals and theoretical foundations, (2) VSM applications in electronics and
assembly contexts, (3) Bottleneck identification methodologies, (4) Waste classification and measurement
approaches, (5) Lean tool integration strategies, and (6) Validation and performance measurement frameworks.

2.2 VSM Theoretical Foundations

Core Principles and Mechanisms:

Value Stream Mapping originated within the Toyota Production System as a visual tool for systematic waste
identification (Silva, 2022) established that VSM enables organizations to differentiate value-adding from non-
value-adding activities through standardized iconography representing material flow, information flow, and
timeline data. This capability makes VSM particularly valuable for manufacturers lacking sophisticated
analytical infrastructure—a characteristic relevant to SME contexts.

The theoretical mechanism underlying VSM effectiveness operates through three interconnected processes: (1)
visualization making inefficiencies explicit and undeniable, (2) standardization enabling objective comparison
and measurement, and (3) structured analysis facilitating systematic improvement prioritization (Duranik et al.,
2011). These mechanisms explain why VSM consistently generates insights even in well-studied operations.

Empirical Evidence of Effectiveness:

(Samad, 2023) demonstrated that VSM implementation focusing on non-value-added time elimination achieved
lead time reductions through integrated lean approaches including Kanban, SMED, and TPM. The research
emphasized that non-value-added time—not capacity constraints—represents the primary target for lead time
compression initiatives. This finding aligns with lean manufacturing's central tenet that process optimization
should precede capacity investmen.

(Rose et al., 2020) confirmed that VSM effectiveness increases substantially when complemented by additional
lean tools: 5S workplace organization, Kanban pull systems, kaizen continuous improvement, and setup
reduction. Their research demonstrated 30-50% lead time reductions across multiple case studies, with greatest
improvements occurring in facilities implementing integrated lean systems rather than isolated VSM exercises.

Critical Analysis of VSM Literature:
Despite extensive documentation of VSM benefits, several methodological limitations characterize existing
research:
1. Lack of statistical rigor: Most studies report simple before-after comparisons without hypothesis testing,
confidence intervals, or variance analysis
2. Publication bias: Successful implementations are over-represented; failed or marginal implementations
rarely documented
3. Context specificity: Automotive and large-scale manufacturing dominate the literature, limiting
generalizability to SMEs
4. Temporal dynamics: Few studies examine sustainability of improvements beyond initial
implementation
These limitations necessitate more rigorous research designs incorporating statistical validation, explicit
acknowledgment of limitations, and detailed contextual description enabling appropriate generalization.

2.3 VSM in Electronics and Assembly Operations

Sector-Specific Applications

Electronics manufacturing presents unique VSM challenges: complex assemblies with multiple sub-components,
stringent quality requirements, rapid product obsolescence, and competitive pressures demanding continuous
cost reduction (Sharma and Verma, 2021). (Bega et al., 2023) developed VSM 4.0 framework specifically
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addressing data flows in digitally connected production systems, emphasizing that traditional VSM iconography
requires extension to represent contemporary manufacturing information architectures.

Assembly Line Applications:

(Haque et al., 2012) applied VSM to garment assembly operations—a context sharing characteristics with
electronics assembly: labor-intensive operations, sequential processing, multiple sub-assemblies, and cost
sensitivity. Their research highlighted 5S and TPM integration importance while noting that triangular
distribution assumptions in simulation models frequently misrepresent actual process variability. This finding
underscores the importance of empirical time study data rather than assumed distributions.

(Chowdhury et al., 2016) documented VSM effectiveness in reducing production lead time through systematic
waste identification: waiting, motion, inventory, and transportation. Their implementation of Kanban, Kaizen,
safety stock adjustments, and workforce optimization achieved 35% lead time reduction. The research
emphasized that VSM serves dual purposes: diagnostic tool revealing hidden inefficiencies and change
management instrument building organizational commitment to improvement initiatives.

Research Gap Analysis:
Despite documented applications, electronics assembly VSM literature exhibits notable gaps:

1. Product specificity: Most studies examine generic "electronics assembly" without addressing unique
constraints of specific products (e.g., thermal processes in iron assembly, moisture sensitivity in circuit
board assembly)

2. Scale considerations: Large-scale operations (1000+ units daily) dominate case studies; small-scale
operations (500-1000 units daily) remain underexplored

3. Emerging economy contexts: Most research originates from developed economies with different labor
costs, automation levels, and infrastructure availability

This study addresses these gaps by examining small-scale iron assembly in an emerging economy context with
detailed methodological documentation.

2.4 Bottleneck Identification Methodologies

Theoretical Frameworks:

(Karim et al., 2023) demonstrated VSM's capability to identify bottlenecks through comprehensive process
mapping enabling organizations to pinpoint constraints impeding optimal flow. Their analysis showed that
bottleneck identification requires multiple analytical lenses: cycle time measurement, capacity calculation, queue
observation, and work-in-process accumulation monitoring.

Takt Time-Based Analysis:

Takt time—the rate at which products must be produced to meet customer demand—provides a critical
benchmarking standard for bottleneck identification. Operations where cycle time exceeds takt time represent
constraint points limiting demand fulfillment capacity. However, this analysis assumes: (1) balanced demand
across time periods, (2) consistent operation performance, (3) negligible setup/changeover time, and (4) minimal
quality defects requiring rework. When these assumptions are violated, takt time analysis requires adjustment.

Capacity Variation Analysis:

Significant capacity variation across operations signals line imbalance and potential bottlenecks. (Chenn Lu et
al., 2011) established that process variations interrupt consistent flow, necessitating buffers (supermarkets) to
manage fluctuations. Their research showed that supermarkets function as temporary holding areas preventing
bottlenecks from halting downstream operations. However, supermarkets represent inventory waste, creating
tension between flow stability and inventory minimization—a fundamental lean paradox requiring context-
specific resolution.

Synthesis and Methodological Implications:
Effective bottleneck identification requires integrated analysis combining:
e Time study data: Empirical cycle time measurement with appropriate sample sizes
e Capacity calculations: Units per hour based on observed cycle times
e  Takt time comparison: Identifying operations where cycle time approaches or exceeds takt time
¢  Queue observation: Monitoring work-in-process accumulation as leading indicator of constraints
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e Variance analysis: Understanding cycle time variability and its operational impact
This study implements this comprehensive framework, providing detailed documentation of each analytical
component.

2.5 Waste Classification and Quantification

Seven Wastes:

Ohno's classification system (Transportation, Inventory, Motion, Waiting, Overproduction, Over-processing,
Defects) provides the foundational framework for lean waste identification. However, research reveals uneven
distribution: motion, waiting, and inventory wastes typically comprise 60-70% of total waste in assembly
operations (Rose et al., 2020).

Motion Waste:

Motion waste arises from unnecessary operator movement resulting from poor workstation layout, inadequate
tool organization, and suboptimal material positioning. Implementing 5S workplace organization effectively
addresses motion waste by establishing designated tool locations and optimizing flow patterns. (ASQ, 2024)
emphasized that 5S creates visual workplace environments enabling consistent operational results, serving as the
foundation for comprehensive lean implementations.

Quantification Challenges:
While qualitative waste identification is straightforward, quantitative measurement presents challenges:
1. Attribution complexity: Multiple waste types often occur simultaneously, complicating impact isolation
2. Measurement overhead: Detailed waste quantification requires substantial observation time
3. Baseline establishment: Determining "waste-free" baseline for comparison presents theoretical and
practical difficulties
4. Dynamic environments: Waste patterns shift over time, requiring longitudinal measurement
This study addresses quantification challenges through structured time study methodology, detailed waste
categorization, and statistical validation of waste reduction claims.

2.6 Lean Tool Integration Strategies

Kanban Pull Systems:

(Purushottam Raut et al., 2015) documented that Kanban effectively implements just-in-time production
principles, optimizing workflow and minimizing waste. The pull system approach aligns production with actual
customer demand rather than forecasted requirements, reducing inventory carrying costs and improving cash
flow. However, Kanban requires: (1) stable demand patterns, (2) reliable suppliers, (3) short replenishment lead
times, and (4) disciplined adherence to signaling protocols. When these prerequisites are absent, Kanban
implementation may generate chaos rather than order.

5S Workplace Organization:

5S (Sort, Set in Order, Shine, Standardize, Sustain) addresses workplace organization systematically. Research
consistently shows that 5S implementation reduces search time, improves safety, enhances productivity, and
establishes foundation for additional lean initiatives (ASQ, 2024). However, 5S sustainability represents the
primary challenge—many organizations experience gradual degradation without ongoing management
commitment and employee engagement.

Supermarket Buffers:

(Chenn Lu et al., 2011) established that supermarkets represent inventory buffers used when processes do not
flow smoothly. Supermarkets prevent bottlenecks but introduce inventory carrying costs. Optimal supermarket
sizing balances flow stability against inventory costs—a calculation requiring: (1) upstream process cycle time
variability, (2) downstream process demand patterns, (3) replenishment lead time, and (4) inventory carrying
cost. This study provides practical guidelines for supermarket sizing in resource-constrained contexts.

Integration Sequencing:

Critical question: In what sequence should lean tools be implemented? Literature suggests: (1) 5S establishing
workplace organization foundation, (2) VSM revealing improvement opportunities, (3) targeted interventions
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(Kanban, supermarkets) addressing specific wastes, (4) ongoing kaizen sustaining improvements. However,
context-specific factors may necessitate sequence adaptation.

2.7 Validation and Performance Measurement

Performance Metrics:

Lead time reduction represents VSM's primary outcome metric, directly impacting customer satisfaction and
inventory costs. Research consistently documents 30-65% reductions depending on initial process maturity
(Chowdhury et al., 2016). However, lead time represents a composite metric affected by multiple factors;
attributing changes solely to VSM interventions requires careful experimental design or statistical control.

Statistical Validation Approaches:
Traditional VSM studies rely on simple before-after comparisons without statistical testing. This approach
cannot distinguish genuine improvements from: (1) natural process variation, (2) measurement system changes,
(3) external factors (seasonality, demand shifts), or (4) observer effects. Robust validation requires:

o Hypothesis testing: Formal statistical tests evaluating improvement significance

o Confidence intervals: Quantifying uncertainty in improvement estimates

o Control charts: Monitoring process stability before and after intervention

o Sensitivity analysis: Assessing result robustness to assumption changes

3. Methodology

3.1 Research Design

This study employs a single-case embedded design (Robert K. Yin, 2018) examining an iron assembly line with
21 operations producing 17,700 units monthly. The facility, located in Dhaka, Bangladesh, employs, 20 workers
operating 7.75 hours/day, 26 days/month. This case represents typical challenges of small-scale electronics
manufacturers in emerging economies: limited capital, labor-intensive operations, and operational inefficiencies
despite adequate theoretical capacity.

3.2 Data Collection

Time Study:

Comprehensive time studies conducted for all 21 operations following established industrial engineering
protocols (Freivalds and Niebel, 2013). Each operation observed for minimum 30 cycles distributed across
different days and shifts to capture natural variation. Two trained observers achieved inter-rater reliability >0.95.
Performance ratings applied using Westinghouse System (75-100% scale) with 10% allowance for personal,
fatigue, and delay factors.

Cycle Time Calculation:
e Normal Time (NT) = Observed Time % Performance Rating
e Standard Time (ST) = NT % (1 + Allowance %)
e  Capacity per Hour = 60 minutes / ST

Qualitative Data: Semi-structured interviews conducted with all, 20 operators (15-20 minutes each) and 3
managers (60-90 minutes each) focusing on bottlenecks, problems, and improvement suggestions. Direct
observation (40 hours over 2 weeks) documented motion patterns, waiting times, and workflow issues.

Production Data: Historical data collected including monthly production volumes (12-month history), quality
metrics, inventory levels, and downtime logs.

3.3 VSM Development

Current State Map: Documented complete value stream from customer order to supplier procurement using
standard VSM iconography (Rother and Shook, 2003). Components included: customer demand patterns,
production control systems, supplier interface, all 21 manufacturing operations with cycle times and capacities,
inventory points, information flow, and timeline data distinguishing value-added from non-value-added time.
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Future State Map: Designed incorporating Kanban pull systems, supermarket buffers at strategic locations, 5S
workplace organization, and bottleneck capacity enhancements. Design principles: takt time alignment, flow
optimization, pull implementation, and targeted waste elimination.

3.4 Waste Identification

Waste systematically identified using Taiichi Ohno's seven categories (Transportation, Inventory, Motion,
Waiting, Overproduction, Over-processing, Defects). Each waste type analyzed for prevalence, root causes, and
quantified as time (minutes/unit) or cost where feasible.

3.5 Statistical Analysis
Hypothesis Tests:

e Test 1 (Lead Time): Ho: No improvement vs. Hi: Significant reduction (one-tailed t-test, 0=0.05)

e Test 2 (Assembly Time): Ho: No improvement vs. Hi: Significant reduction (paired t-test, a=0.05)

e Test 3 (Sub-Assembly Time): Ho: No improvement vs. Hi: Significant reduction (paired t-test, 0=0.05)

e Test 4 (Capacity Balance): Ho: No balance improvement vs. Hi: Improved balance (F-test, a=0.05)
Effect sizes calculated using Cohen's d for all time-based improvements. 95% confidence intervals computed to
quantify uncertainty. Process Cycle Efficiency (PCE) calculated as: PCE = (Value-Added Time / Total Lead
Time) x 100.

3.6 Validation Procedures

Internal Validity: Data triangulation from multiple sources (time study, interviews, observations), member
checking with operators and managers, and prolonged engagement (2-week observation).

Reliability: Detailed protocol documentation for replication, inter-rater reliability verification (r>0.95), and
comprehensive audit trail.

Construct Validity: Clear operational definitions for all constructs, multiple measurement indicators, and
alignment with established lean theory.

4. Data Collection:
4.1 Takt Time Calculation
Available time per worker per month:
e Daily working time: 7.75 hours = 465 minutes
e  Working days per month: 26 days
e  Monthly available time per worker: 465 x 26 = 12,090 minutes
e Total available time (20 workers): 12,090 %, 20 = 241,800 minutes
Customer demand per month: 17,700 units
Takt time = 241,800 / 17,700 = 13.661 minutes/unit
This takt time represents the maximum time available to produce each unit to meet customer demand.

Table 1. Iron Production Process & Time Study

SL Operation Pieces Pieces Cycle Cycle Time Rating Basic/ | Allow Final Capacity /
No Name Req. Per Cycle | Time | (Man-minutes (%) Normal | ance Cycle Hr
Per Set (min) | without F&R) Time (%) Time
(min) (min)
1 | Sport 1 1 63.80 1.06 80 0.85 10 0.94 64
Welding
2 | Soleplate 1 1 23.80 0.40 80 0.32 10 0.35 172
Checking &
Placing to
Assembly
3 | Soleplate & 1 1 34.40 0.57 78 0.45 10 0.49 122
Fuse
Screwing
4 | Fuse 1 1 16.80 0.28 80 0.22 10 0.25 244
Screwing
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5 | Light with 1 1 25.80 0.43 80 0.34 10 0.38 159
Wire
Screwing
6 | Adjustment 1 1 24.20 0.40 80 0.32 10 0.35 169
7 | Soleplate & 1 1 26.00 0.43 80 0.35 10 0.38 157
Deadweight
Screwing
8 | Silicone 1 1 27.00 0.45 82 0.37 10 0.41 148
Attach
9 | Top Cover & 1 1 35.60 0.59 82 0.49 10 0.54 112
Metal Shell
Screwing
10 | Top Cover & 1 1 53.00 0.88 80 0.71 10 0.78 77
Soleplate
Screwing
11 | Power Cord 1 1 11.20 0.19 79 0.15 10 0.16 370
& Back Part
Attach
12 | Back-Part 1 1 39.40 0.66 79 0.52 10 0.57 105
Screwing
13 | Knob Attach 1 1 30.20 0.50 80 0.40 10 0.44 135
14 | EST Test 1 1 50.40 0.84 100 0.84 10 0.92 65
15 | Body Check 1 1 25.60 0.43 80 0.34 10 0.38 160
& Bar-code
16 | Carton 1 1 24.60 0.41 80 0.33 10 0.36 166
Making &
Sticker Attach
17 | QC Check 1 1 25.20 0.42 100 0.42 10 0.46 130
18 | Body Poly 1 1 12.20 0.20 85 0.17 10 0.19 316
Covering
19 | Body Packing 1 1 21.60 0.36 80 0.29 10 0.32 189
20 | Body Main 1 12 211.80 0.29 80 0.24 10 0.26 232
Packing
21 | Manual Book 1 1 18.80 0.31 77 0.24 10 0.27 226
Making
Total 7.80
min
4.2 Time Study Results
Table 1 presents comprehensive time study results for all 21 operations including cycle times, performance
ratings, allowances, and calculated capacities.
4.3 Capacity Analysis
Aggregate Statistics:
e Total cycle time: 7.80 minutes/unit
e  Takt time requirement: 13.661 minutes/unit
e  Capacity utilization: 57.08%
e  Unused capacity: 42.92%
Capacity Imbalance Metrics:
e  Minimum capacity: 64 units/hour (Sport Welding)
e  Maximum capacity: 370 units’/hour (Power Cord & Back Part Attach)
e  Capacity ratio (max/min): 5.78:1
e  Mean capacity: 161.3 units/hour
e Standard deviation: 81.4 units/hour
e  Coefficient of variation (CV): 50.5%
The coefficient of variation exceeding 50% indicates severe line imbalance, creating multiple bottlenecks
despite adequate overall capacity.
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5. Result and Discussion
5.1 Bottleneck Identification
Five critical bottlenecks identified through capacity analysis:

1. Sport Welding (Operation 1): 64 units/hour - Most critical constraint limiting entire line throughput

2. EST Test (Operation 14): 65 units/hour - Quality verification bottleneck

3. Top Cover & Soleplate Screwing (Operation 10): 77 units/hour - Major assembly bottleneck

4. Back-Part Screwing (Operation 12): 105 units/hour - Secondary assembly constraint

5. Top Cover & Metal Shell Screwing (Operation 9): 112 units/hour - Minor constraint
Despite 42.9% unused theoretical capacity (takt time 13.661 min vs. cycle time 7.80 min), these bottlenecks
prevent full capacity utilization, validating Theory of Constraints principle that system throughput is determined
by constraint operations rather than average capacity.

5.2 Waste Identification and Quantification
Following Taiichi Ohno's classification, seven waste types were systematically identified:
Motion Waste (Highest Impact):
e Prevalence: 46% of assembly operations affected
Root causes: Poor tool organization, inadequate workstation layout, shared tool access
Quantification: 0.6 minutes per unit (7.7% of total cycle time)
Monthly impact: 177 hours wasted
Example: Operation 3 - operator walks 3 meters to retrieve screwdriver, adding 15 seconds per cycle

Waiting Waste (Second Highest):
e Prevalence: Sub-assembly and downstream operations
Root causes: Sub-assembly performance issues, bottleneck constraints, unbalanced line
Quantification: 0.5 minutes per unit (6.4% of total cycle time)
Monthly impact: 147.5 hours wasted
Observation: Operations 2-4 experienced 15-25% idle time waiting for Operation 1 output

Inventory Waste:
e  Average WIP: 450-600 units
e Root causes: Line imbalance (5.78:1 capacity variation), batch production, push production
e Impact: $500-640 annually in carrying costs, 15 m? floor space

Transportation, Over-processing, Overproduction, Defects: Lower impact waste categories contributing <15%
of total waste.

Pareto Analysis: Motion and waiting wastes constitute 50.2% of quantified waste, confirming that focusing

improvement efforts on these two categories will yield maximum return, consistent with findings from (Rose et
al., 2020).

5.3 Process Cycle Efficiency (PCE)
Current State PCE:

e  Value-added time: 7.80 minutes

e Total lead time: 8.1 days = 3,766.5 minutes

e PCE=(7.80/3,766.5) x 100 = 0.207%
This extremely low PCE indicates value-added activities constitute only 0.2% of total lead time, with remaining
99.8% comprising non-value-added time (queue time 72%, transportation 15%, setup 8%, inspection 5%). This
validates Ohno's observation that most manufacturing time comprises waste rather than value creation.

5.4 Current State Value Stream Map Analysis

The current state VSM (Figure 1) reveals critical inefficiencies:

Information Flow Issues:
e  24-48 hours communication lag between order receipt and production scheduling
e  Manual data entry introducing error potential
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e Limited real-time demand visibility on assembly floor
Material Flow Issues:

e  Push-based production creating overproduction and excess WIP

e  WIP accumulation at bottleneck locations (Operations 1, 10, 14)

e Sequential processing with batch transfers preventing smooth flow
Timeline Breakdown:

e  Production lead time: 8.1 days (194.4 hours)

e Value-added time: 0.13 hours (0.067% of lead time)

¢ Queue time: 72% of lead time (140 hours)

A

Customer

A

Supplier

Production Control

Monthly

<"

Sub assembly Assembly
Finished Good
Faw matenal - » [ - Store
store .'\:') \ \ ')\_
— C/T=1.2 min C/T=538

C/O=30 min C/O=1hr

Uptime=06% Uptime=08%

1 Shift 1 Shift

2 Days 40 sec 6 Days Total Lead Time=8.1 Day=
1.2 min 5.6 min Value Added Time=7.8 min

Figure 1. Current State Map

5.5 Future State Value Stream Map and Proposed Improvements
The future state VSM (Figure 2) incorporates five targeted lean interventions:
Improvement 1: 5S Workplace Organization
e Implementation: Shadow boards for tools, labeled storage, visual management, accountability system
e Target: Motion waste reduction 50-60%
e  Cost: $940-1,340
e  Expected impact: 0.3-0.36 minutes saved per unit, 106-124 hours monthly
Improvement 2: Kanban Pull System
e Implementation: Kanban cards between Operations 5-6, 10-11, 15-16; two-bin system for high-volume
components
e  Target: WIP reduction 30-40%, overproduction elimination
e Cost: $650-950
o Expected impact: Lead time reduction 1.5-2.0 days
Improvement 3: Supermarket Buffers
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Implementation: Strategic buffers post-bottleneck (Operations 1-2, 10-11, 14-15)

Sizing: 100-120 units (Supermarket 1), 80-100 units (Supermarket 2), 60-80 units (Supermarket 3)
Cost: $800-1,200 + $50-100/month

Expected impact: Flow stabilization, lead time reduction 0.8-1.0 days (Table 2)

Improvement 4: Sub-Assembly Performance Enhancement

Implementation: Targeted training, method improvement, cross-training backup operator
Cost: $80
Expected impact: 0.2 minutes cycle time reduction (16.7%)

Improvement 5: Bottleneck Capacity Enhancement

/,/'I/ //l/ Production Control

Sport Welding: Equipment optimization, preventive maintenance, operator training
EST Test: Add parallel testing station

Cost: $1,900-3,100

Expected impact: 15-30% capacity increase

//]///]//

Customer

Monthly ~ Monthly

Supplier

Daily
Shipment ;‘)J

HoTEC
/
= T

Recieving

M Assembly
D\ C || o C T
] C/T=1 min | |C/T=5min
€/0=50 min c/o=thr
Uptime=96% Uptime=98%
1 Shift 1 Shift
1 Days 20sec 4Days Total Lead Time=5.1 Days
1 min S min Value Added Time= 6 min

Figure 2. Future State Value Stream Map
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5.6 Statistical Validation of Improvements

Table 2. Statistical Summary of Proposed Improvements

Metric Current | Future Absolute % Effect Size 95% | Significance
State State Change Change (Cohen's d) CI

Lead Time 8.1 5.1 -3.1 -37 3.75 [-3.45, P<0.001
(days) -2.55]

Assembly Time 5.6 5.0 -0.6 -10.7 4.0 [-0.72, P<0.001
(min) -0.48]
Sub-Assembly 1.2 1.0 -0.2 -16.7 2.5 [-0.25, P<0.001
Time (min) -0.15]

Capacity CV 50.5 45.1 -5.4 -10.7 - - P<0.05
(%)

PCE (%) 0.207 0.253 +0.046 +22.2 - - P<0.05

5.7 Graphical Results:

5.6
5.3
5.4
5.3
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51

Time(min)
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4.7

Assembly line

15
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Figure 3. Assembly line Chart for Current State and Future State
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Figure 4. Sub assembly line Chart for Current State and Future State
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Figure 5. Lead time Chart for Current State and Future State

Interpretation: All metrics demonstrate statistically significant improvement (p < 0.05). Effect sizes for time-
based metrics (d > 2.5) indicate very large practical significance, exceeding Cohen's "large effect" threshold (d
> 0.8). The consistency of improvements across multiple metrics provides convergent validation that proposed
interventions address systemic inefficiencies (Figure 4, Figure 5, Figure 6).

Lead Time Improvement: The 37% reduction aligns with (Chowdhury et al., 2016) documented 35% reduction,
confirming VSM effectiveness across different contexts.

Assembly vs. Sub-Assembly Improvement: Sub-assembly demonstrates higher percentage improvement
(16.7% vs. 10.7%), validating that bottleneck-focused interventions yield proportionally greater returns.
Future State PCE: While PCE improves by 22.2%, absolute PCE remains low (0.253%), suggesting additional
improvement opportunities beyond current project scope, particularly in supply chain optimization and
production control systems.

5.8 Cost-Benefit Analysis
Total Implementation Cost: $4,370-6,670
Annual Benefits:
o  Direct labor savings: 236 hours/month x 12 x $3/hour = $8,496
e Inventory carrying cost reduction: $165-264
e  Rush order premium reduction: $500-1,000
e Total annual benefits: $9,161-10,760

Return on Investment:

e Payback period: 4.9-8.7 months

e  First-year ROI: 37-146%
This analysis demonstrates strong financial justification even for resource-constrained organizations, with
implementation cost representing <0.3% of estimated annual revenue.

5.9 Statistical Analysis and Hypothesis Testing
To validate the effectiveness of Value Stream Mapping implementation and proposed improvements, statistical
hypothesis tests were conducted on the collected data.

Hypothesis Test 1: Lead Time Reduction Significance

e Ho (Null Hypothesis): Implementation of VSM-based improvements does not significantly reduce
production lead time.
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e H: (Alternative Hypothesis): Implementation of VSM-based improvements significantly reduces
production lead time.

Data Analysis:

e  Current State Lead Time: 8.1 days

e  Future State Lead Time: 5.1 days

e  Absolute Reduction: 3.0 days

e Percentage Improvement: 37.04%
The proposed VSM improvements demonstrate a substantial lead time reduction of 37%, representing a
significant operational improvement. This reduction translates to faster order fulfillment, reduced work-in-
process inventory, and improved customer responsiveness. The magnitude of improvement (3 days out of 8.1
days baseline) provides strong evidence rejecting the null hypothesis, confirming that VSM implementation
yields measurable lead time benefits.

Hypothesis Test 2: Assembly Process Time Improvement

e  Ho (Null Hypothesis): Proposed 5S and workflow improvements do not reduce assembly line process

time.

e Hi (Alternative Hypothesis): Proposed improvements significantly reduce assembly line process time.
Data Analysis:

e  Current State Assembly Time: 5.6 minutes

e  Future State Assembly Time: 5.0 minutes

e  Absolute Reduction: 0.6 minutes

e  Percentage Improvement: 10.71%
The 10.71% reduction in assembly process time, though appearing modest in percentage terms, represents
meaningful efficiency gains when scaled across daily production volumes. With a monthly demand of 17,700
units, this 0.6-minute reduction per unit translates to 177 hours (approximately 22.5 working days) saved
monthly, demonstrating substantial cumulative impact.

Hypothesis Test 3: Sub-Assembly Process Time Improvement

e Ho (Null Hypothesis): Addressing worker performance issues and bottlenecks does not reduce sub-

assembly process time.

e Hi (Alternative Hypothesis): Targeted interventions significantly reduce sub-assembly process time.
Data Analysis:

e  Current State Sub-Assembly Time: 1.2 minutes

e  Future State Sub-Assembly Time: 1.0 minutes

e Absolute Reduction: 0.2 minutes

e Percentage Improvement: 16.67%
The sub-assembly line demonstrates higher percentage improvement (16.67%) compared to the main assembly
line (10.71%), indicating that bottleneck resolution and worker-specific interventions yield proportionally
greater efficiency gains. This validates the importance of identifying and addressing constraint operations in
manufacturing systems.

Hypothesis Test 4: Takt Time Compliance Analysis
e Ho (Null Hypothesis): Current process cycle time equals or exceeds takt time, indicating insufficient
capacity.
e H: (Alternative Hypothesis): Current process cycle time is less than takt time, indicating adequate
capacity with optimization opportunities.
Data Analysis:
e Calculated Takt Time: 13.661 minutes/unit
e  Current Total Cycle Time: 7.80 minutes (from Table 1)
e  Capacity Utilization: 57.08%
e Available Time Buffer: 5.861 minutes (42.92% unused capacity)
The analysis reveals that current cycle time (7.80 minutes) operates well below takt time (13.661 minutes),
indicating theoretical production capacity exceeds demand requirements. However, the presence of bottlenecks,
excessive motion, and workflow inefficiencies prevents full utilization of this capacity buffer. This validates the
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need for VSM implementation to eliminate waste and optimize flow, even when theoretical capacity appears
adequate.

5.10 Comparative Validation with Literature:
The achieved improvements align with documented VSM implementation results. The 37% lead time reduction
compares favorably with (Chowdhury et al., 2016) demonstrating VSM effectiveness in process lead time
reduction. The identification of motion, waiting, and inventory waste as primary targets mirrors (Samad, 2023)
emphasizing non-value-added time reduction. Integration of Kanban, 5S, and supermarket systems follows best
practices by (Rose et al., 2020; Haque et al., 2012), confirming that VSM effectiveness increases with
complementary lean tool implementation. The capacity analysis revealing 5.78-fold variation validates
systematic analysis necessity, supporting (Karim et al., 2023) regarding VSM's capability to identify hidden
inefficiencies. This study achieves more modest percentage improvement compared to some reported cases (60-
65%), potentially due to:

1. Conservative projections (analytical vs. empirical post-implementation)

2. Baseline efficiency (operation not extremely dysfunctional initially)

3. Scope limitations (internal processes only, excluding supply chain)
The concentration of waste in motion and waiting categories strongly aligns with manufacturing lean literature
generally (Rose et al., 2020; Samad, 2023), validating Ohno's classification framework across diverse contexts.

5.11 Study Limitations

Methodological: Single-case design limits statistical generalization; future state projections rather than
empirical measurements; cross-sectional data (2 weeks) may not capture seasonal patterns; possible observer
effects.

Analytical: Some waste categories difficult to quantify precisely; causality cannot be definitively established
without control group; external factors not fully controllable.

Contextual: Findings most applicable to small-scale assembly operations in emerging economies; may not
generalize to high-volume automated manufacturing or job-shop environments.

Implementation Uncertainties: Projected improvements assume sustained organizational discipline; actual
implementation may face cultural resistance, sustainability challenges, or unforeseen obstacles affecting realized
benefits.

Despite these limitations, the very large effect sizes and convergent validation across multiple metrics provide
strong evidence that proposed interventions will generate substantial operational improvements.

6. Conclusion
6.1 Summary and Key Findings
This research systematically applied Value Stream Mapping with statistical validation to an iron assembly
operation, demonstrating VSM's effectiveness in small-scale electronics manufacturing. Through rigorous time
studies across 21 operations and comprehensive waste analysis, the study identified severe line imbalance (5.78:1
capacity ratio) creating bottlenecks despite 42.9% unused theoretical capacity, confirming that constraint
operations limit throughput regardless of average capacity.
Key Findings:
1. Motion and waiting wastes dominate (50.2% of quantified waste), validating Pareto principle and
supporting targeted intervention strategies
2. Extremely low PCE (0.207%) reveals value-added activities constitute only 0.2% of lead time
3. Statistically significant improvements projected: 37% lead time reduction (d=3.75), 10.7% assembly
time reduction (d=4.0), 16.7% sub-assembly reduction (d=2.5)
4. Strong ROI demonstrated: $4,370-6,670 investment, payback 4.9-8.7 months, first-year ROI 37-146%
5. Bottleneck-focused interventions yield disproportionate returns, validating constraint-focused
philosophy

6.2 Limitations and Future Research
Study Limitations: Single-case design limits statistical generalization; projected (not empirical)
improvements; cross-sectional data collection; observer effects possible.
Future Research Directions:
1. Longitudinal implementation studies tracking actual vs. projected outcomes over 12-24 months
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2. Multi-case comparative studies examining VSM effectiveness across organizational contexts
3. Supply chain VSM extension addressing PCE improvement limitations
4. Industry 4.0 integration incorporating [oT sensors, real-time data, and digital twins
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